Abstract: Surface activity of poly(methacrylate)s containing phthalimidoalkyl groups was studied. Surface pressure-area isotherms ( -A) at the air-water interface were determined. These polymers form stable and condensed monolayers. The monolayers are more condensed and the limiting surface area A 0 values decrease when the number of the methylene groups in the lateral chains increases. Surface pressure variation at the semidilute region of the monolayers was expressed in terms of the scaling laws as power function of the surface concentration. The static elasticity ε o and the exponent of the excluded volume υ were determined. The hydrophobicity degree of polymers was estimated from the determination of the total surface free energy values by wettability measurements. Molecular dynamic simulation (MDS) was performed in order to explain the experimental behavior of polymers at the air-water interface.
Introduction
In the past decades, extensive studies have been performed to elucidate the structures and intermolecular forces of two-dimensional arrays of molecules at the air-water interface [1] [2] [3] . These works have been performed on small amphiphilic molecules such as surfactants and lipids at both gas-liquid and liquid-liquid interfaces. More recently the orientation, specific interactions, conformational changes and organization of quasi two dimensional layers of long polymer chains at interfaces have been investigated [4, 5] . Polymers at surfaces and interfaces are of great industrial and academic interest. Polymer films find industrial applications in liquid-liquid extraction, stabilization of colloids and Langmuir-Blodgett films, while spread monolayers have been used and investigated as two-dimensional systems model of membranes. Numerous studies of insoluble polymer Langmuir monolayers have been devoted to neutral polymers such as poly(itaconate)s and poly(methacrylate)s and their copolymers [6] [7] [8] . However, scarce information is available on spread monolayers of poly (methacrylate)s with bulky side groups in the lateral chains. It has been reported that poly(methacrylate)s containing phthalimido groups possess excellent heat resistance and transparency [9] . Methacrylic copolymers of methyl methacrylate and acrylate esters have gained great importance in various fields of industrial application [10] . Methacrylic copolymers have been used in the leather industry and copolymers containing the phthalimido derivatives have been used as optical brightening agents [11] . These polymeric systems are used in many different fields connected to their ability to adsorb at the interfaces and to modify the properties of surfaces. In an attempt to better understanding the surface behavior and the interactions that take place at the air-water interface, Langmuir monolayers of poly(N-phthalimidoalkyl methacrylate)s were studied. Determination of surface behavior could be significant for tailor making polymers with required physicochemical properties and for evaluation of their potential applications.
In the present work we report and describe the surface behavior of poly(Nphthalimidoalkyl methacrylate)s (Scheme 1) with the aim of understanding the effects of the spacer groups and the confinement of these systems in monolayers at the airwater interface. Scheme 1. Chemical Structures of poly(N-phthalimidomethyl methacrylate) (PNPMMA) (a); poly(N-phthalimidoethyl methacrylate) (PNPEMA) (b) and poly(Nphthalimidopropyl methacrylate) (PNPPMA) (c).
Results and discussion
Surface pressure-area isotherms ( -A) at the air-water interface were determined using Langmuir technique. In a set of control experiments, it was observed that the spreading volume did not influence significantly the isotherms of the polymeric systems studied [12] . The surface pressure-area isotherms ( -A) for the series of polymers studied (PNPMMA), (PNPEMA), and (PNPPMA) on pure water at 298 K are shown in Figure 1 .
The polymers form stable film at the air-water interface. The stability of the monolayer was tested at different surface pressure as function of time and surface area, and no changes were observed. The -A curves tend clearly towards isotherms more condensed when the number of the methylene groups increases. As the compression continues, the surface pressure sharply increases, giving compacted films for the three systems. The limiting surface area (A 0 per repeating unit) values for each polymer were calculated from -A isotherms (Figure 1 ), to achieve this the linear zone of the solidcondensed phase was extrapolated to zero surface pressure, the intercepts with the axes of area, are the respective limit areas per repeated unit, A 0 . The values obtained for the three studied polymers are summarized in Table 1 . The main feature is that the A 0 values decrease when increase the number of methylene groups in the lateral chains of polymers; i.e. the ordering is easier when the spacer group between the backbone and the phthalimido group is longer. This behavior could be explained because the corresponding macromolecules are less rigid in this same order and therefore are more easily compressed. As it can be seen in Figure 1 , when the number of methylene groups in the spacer group increase, the monolayer is more condensed.
The exponent values based on log -log Γ plot ( Figure 2 ) are also listed in Table 1 . According to scaling concept [13] , the surface pressure in the semidilute region varies with the surface concentration Γ, following the expression 1:
where is the critical exponent of the excluded volume. As an example, Figure 2 illustrates the case of PNPEMA. The same behavior was observed for all the systems studied. The values summarized in Table 1 indicate different affinity to the interface for the polymers, which is reasonable according to the different hydrophobicity nature of the polymers. The values show a tendency to diminish when the hydrophobicity of the lateral chains increases.
The variation of A 0 with the chemical structure of the polymers can be explained in terms of flexibility [17] of the side chain, which is dependent on the length of the spacer group. Therefore, the difference in the flexibility should affect the orientation of the polymer at the interface. In order to obtain information about the hydrophobicity degree of the polymers, the total surface free energy (SE), by measuring the contact angle (CA) of water and diiodomethane on the polymer surfaces onto hydrophilic glass was determined. The dispersion force and polar contributions to SE, d and p respectively, were calculated by the classical Owens and Wendt, and Kaeble methods [18, 19] . The measurements of contact angles (CA) on a given systems solid surface is one of the most practical ways to obtain total surface free energies [20] . However, it is important to consider the possible errors on the SE values due to the effects of surface roughness on adsorbed polymers [20] .
The results obtained by wettability measurements for the polymeric systems, contact angles, surface energy and its polar and dispersion contributions are summarized in Table 2 . It can be seen that as the number of methylene groups increases, the degree of hydrophobicity increases i.e. the SE diminishes. 
Elasticity of polymer monolayers
It is known that the nature of the monolayer partially depends on the strength of interfacial interactions with substrate molecules and of polymer intersegments interaction [21] . Therefore, the elasticity of polymer monolayers could also be dependent on these interactions. From the experimental -A or -curves, it was possible to calculate the classical static elasticity modulus or static compressibility modulus o , which only accounts for hydrostatic compression, given by:
Where is the surface concentration (see Figure 2 ). ε 0 is defined in equation 2 for an instantaneous deformation of the monolayer and therefore without any dissipative effects. The plot of the compressibility modulus or static elasticity, o , calculated from the surface pressure isotherms, versus the surface concentration for PNEPMA is provided in Figure 3 as example, the others polymers show similar behavior. It can be observed that the greatest increase in static elasticity occurs within the semidiluted regime. This behavior has been reported as normal for polymer systems [21] .
In order to analyze the experimental behavior of these polymers especially, their most probable orientation at the air-water interface, Molecular Dynamic Simulation (MDS) of polymer systems for two different orientations, vertical and lying were To determine the most probable orientation that the polymer adopts at the interface, two types of models for each system were constructed .i.e. the vertical and lying orientations about the Z axis. Schemes 2 and 3 represent the snapshots of the lying and vertical orientations in the case of PNPMMA as an example. From Figure 4a , b and c the average stabilization energy values, E av , for poly(N-phtalimidoalkyl methacrylate)s studied were estimated and summarized in Table 3 From the trajectories obtained by MD simulation in the vertical orientation, for the three systems, the average energy remained relatively unchanged, in the same order of magnitude (Table 3) . On the contrary, the average energy (E av ) of lying orientation for the three systems shows a variation relative to the number of methylene groups in the side chain, (see Table 3 ). From the energy values calculated and compiled in Table 3 , the lying orientation for PNPMMA at the interface was found to be more stable. The E av value for this orientation was -1.8041x10 8 kcal/mol. As it can be observed the E av values for PNPEMA and PNPPMA are very similar for the two orientations. This situation can be due to the higher flexibility of the lateral chains of these polymers that produces easier reordering of the macromolecules independent of the orientation of the same ones, in contrast to the PNPMMA.
The molecular dynamics carried out for the lying orientation will be taken into account to calculate the order parameter S(r) and the radial distribution function (RDF). These properties will be estimated in the range where the energy remains stable for all the polymers studied. RDF between carbon atoms of the phenyl rings to the three systems are shown in Figure 5a , b and c. For PNPEMA and PNPPMA, the distance between phenyl rings are between 4-4.5 Å, what indicates that -stacking interactions takes place. In the polymer containing one methyl group in the side chain, PNPMMA, the distance between phenyl rings was found close to 6.0 Å. This behavior can be attributed to low flexibility of PNPMMA, in comparison to their analogous with larger side chains. Finally these results indicate that the -stacking interaction is most likely to find in systems PNPPMA and PNPEMA than PNPMMA.
The RDF between the nitrogen atoms of the phtalimido alkyl group and the hydrogen atoms of the water molecules (see Figures 6, 7 and 8) were also calculated, for the three systems. It can be observed that there is a high probability to find a hydrogen atom at a distance of 3.5 Å from a nitrogen atom for PNPMMA, what is illustrated in Figure 6a . This configuration shows that there is an interaction between hydrophilic groups of the side chain and water molecules. For PNPEMA and PNPPMA the distance between hydrophilic groups is higher, as can be observed in Figures 7a and  8a . Moreover, was interesting evaluate the possibility of interactions between methylene groups of the side chains of polymers. Figure 6b shows the RDF between carbon atoms of the side chains for PNPMMA, the distance between the hydrocarbon chains obtained was 4.5 Å. Similarly, Figures 7b and 8b show RDF between side chains for PNPEMA and PNPPMA, respectively. These plots show that the distance between aliphatic chains, is about 3.8 Å, these results are indicative that the hydrophobic interaction is more favorable in the polymers containing larger aliphatic chains. In summary, PNPMMA mainly establishes electrostatic interaction with the water subphase. In addition for PNPEMA and PNPPMA hydrophobic and -stacking interactions are more important.
The order parameters (S(r)) for the three systems studied from the lying orientation are shown in Figure 9 . S(r) to each system, were calculated on MD simulation trajectories from the expression 3.
S(r) = 0.5 (3cos2θ ij (r) -1)
Where θ ij denotes the angle between the vectors i and j when the center of mass of the associated chains to the vectors i and j are separated by the distance r. The methylene group belonging to the side chain for each polymer was selected to as unit vector (CH 2 -C).
Fig. 9.
Order parameter, S(r), for PNPMMA, PNPEMA, PNPPMA between methyl groups of different chains from lying orientation.
The values close to 1.0 for S(r) are indicative of an ordered system, i.e. unit vectors in different chains are parallel to each other, while values near to 0 are indicative to an isotropic distribution [22] . From Figure 9 , is possible to observe that PNPMMA is more ordered with respect to other polymers. On the other hand, PNPPMA present a minor organization at the air-water interface, negative values to S(r) can be observed even, this kind of results have been obtained also in molecular dynamics studies on monolayers at the air/water interface of cetyltrimethylammonium bromide surfactant [23] . This can be explained due to the increasing of the flexibility of the side chains in PNPPMA in comparison with PNPMMA.
Conclusions
In conclusion, the spreading experiments have shown that all the polymers studied form stable condensed monolayers. The limiting area A 0 at = 0 values decreases upon increasing the number of methylene groups in the lateral chains of the polymers. The values indicate different affinity to the interface for the polymers, which is reasonable according to the different hydrophobicity degree found for the polymers (see Table 2 ). The variation of the A 0 and values with the chemical structures of the polymers can be explained in terms of the flexibility and the orientation of the polymers at the air-water interface and their hydrophobic and hydrophilic balance. These experimental results were also described by molecular dynamic simulation (MDS). The radial distribution function (RDF) between nitrogen atoms of the phtalimidoalkyl group and hydrogen atoms of the water; between aliphatic groups of the side chain of the polymers and between phenyl groups of the polymers, could explain the possible organization of these polymers at the air-water interface and the interaction present in each systems.
Experimental part

Polymer preparation
The monomers N-phthalimidomethyl methacrylate (NPMMA), N-phthalimidoethyl methacrylate (NPEMA) and N-phthalimidopropyl methacrylate (NPPMA) were obtained by reaction of methacryloyl chloride with the corresponding alcohols in ethylmethylketone (EMK), using triethylamine as acid acceptor [24] . Monomers were polymerized under vacuum in solution by free radical polymerization at temperatures in the range 320-325 K, using AIBN as initiator (0.3 %). Polymers were purified by successive precipitations with methanol and characterized by 1 H-NMR techniques and FT-IR. Polymers were fractioned by fractioned precipitation, the molecular weights of samples used in this study, determined by size exclusion chromatography SEC, were 85,000, 90,000 and 115,000 g/mol for PNPMMA, PNPEMA and PNPPMA respectively; and the values of polydispersity indexes in all cases were lower than 1.4.
Monolayers and Surface pressure-area isotherms
The monolayers were obtained by spreading small drops, about 10 µL of chloroform solutions of PNPMMA, PNPEMA and PNPPMA with a microsyringe on the water surface. The concentrations of the spreading solutions were among 1 to 1.5 mg/mL. The temperature of the subphase (Milli-Q water) was kept constant at 298 K.
The surface pressure-area isotherms ( -A) have been obtained with Langmuir film balance (NIMA-611 M) at 298 K with water subphase. Before compression, the film was allowed to equilibrate for about 20 minutes to ensure full evaporation of the spreading solvent and also, to allow the molecules to reach the equilibrium. The compression velocity was 10 cm 2 s -1 (16.7 mm 2 /seg). The monolayers were independent of the compression rate under this compression velocity, staying in equilibrium state [25, 26] .
Contact angles. Surface free energy
The total surface energies of the polymers were determined by wettability measurements with water and diiodomethane. Polymer films were prepared by evaporation of the solvent onto hydrophilic glass for optical microscopy. The cast films were dried for 30 min at 120 ºC. The wettability of the polymer films was determined by contact angle measurements. Contact angles were measured using a contact angle system OCA by Dataphysics with a conventional goniometer and high performance video camera, controlled by SCA20 software. A syringe connected to a Teflon capillary of about 2 mm inner diameter was used to supply liquid into the sessile drops from above. A sessile drop of about 0.4-0.5 cm radius was used. The contact angles were measured carefully from the left and right side of the drop and subsequently averaged. These procedures were repeated for six drops of each liquid on three new surfaces. All measurements were then averaged to give an average contact angle. All experiments were performed at room temperature, 25.0 +-1.0 ºC.
Computational Method and Model
A series of molecular dynamics simulation for the three poly(N-phtalimidoalkyl methacrylate) monolayers at the air-water interface were performed under periodic boundary condition. For this purpose, two monolayers of polymer models that contain four monomer units each one, were built on opposite sides of a slab of aqueous solutions, with the thickness of the slab chosen sufficiently large in z axis to that the monolayers are effectively isolated, (see scheme 2) [27] . Scheme 2. Snapshot lying orientation PNPMMA monolayer at the air-water interface.
The initial configurations were set up for two arranging of the polymers at the interface, to establish the most probable orientation of polymeric chains. First, four polymer chains on each side of the water layer were located in z axis vertically, (see scheme 2). On the other hand the same numbers of chains were located on the water layer, but in a way lying respect to the z axis, (see scheme 3). These configuration models were implemented for the three systems, i.e. eight molecular dynamic simulations of 5 ns for each system were carried out. To calculate the atomic parameters of poly(N-phtalimidoalkyl methacrylate)s, Paratool Module implemented in the VMD [28] program was used. Water molecules were modeled with TIP3P potential [29] . Molecular dynamic simulations were carried out using NAMD [28] package in the NVT ensemble with a time step of 0.001 ps. The temperature was fixed at 298 K, using a Hoover thermostat. The structures were fully minimized using CHARMM_31 force field [30] . The non-bonded Coulomb and van der Waals interactions were calculated with a cut-off using a switching function starting at a distance of 10 Å and reaching zero at 12 Å. The particle mesh Ewald (PME) method [31] was employed for computation of electrostatic forces. All the systems were equilibrated for 1.5 ns and the polymeric chains were restrained [29] during a relaxation time of 3.5 ns. Then, simulations of 5 ns were performed for the eight systems. The order parameters [27] S(r), and the radial distribution function (RDF) were calculated. Schemes 2 and 3 are shown in order to illustrate the different configurations in two orientations of the PNPMMA monolayers. The same way was performed for the other systems.
